Teleost fishes are the most diverse group of vertebrates on Earth. On tropical coral reefs, their species richness exceeds 6000 species; one tenth of total vertebrate biodiversity. A large proportion of this diversity is composed of cryptobenthic reef fishes (CRFs): bottom-dwelling, morphologically or behaviourally cryptic species typically less than 50 mm in length. Yet, despite their diversity and abundance, these fishes are both poorly defined and understood. Herein we provide a new quantitative definition and synthesise current knowledge on the diversity, distribution and life history of CRFs. First, we use size distributions within families to define 17 core CRF families as characterised by the high prevalence (>10%) of small-bodied species (<50 mm). This stands in strong contrast to 42 families of large reef fishes, in which virtually no small-bodied species have evolved. We posit that small body size has allowed CRFs to diversify at extremely high rates, primarily by allowing for fine partitioning of microhabitats and facilitation of allopatric reproductive isolation; yet, we are far from understanding and documenting the biodiversity of CRFs. Using rates of description since 1758, we predict that approximately 30 new species of cryptobenthic species will be described per year until 2050 (approximately twice the annual rate compared to large fishes). Furthermore, we predict that by the year 2031, more than half of the described coral reef fish biodiversity will consist of CRFs. These fishes are the 'hidden half' of vertebrate biodiversity on coral reefs. Notably, global geographic coverage and spatial resolution of quantitative data on CRF communities is uniformly poor, which further emphasises the remarkable reservoir of biodiversity that is yet to be discovered. Although small body size may have enabled extensive diversification within CRF families, small size also comes with a suite of ecological challenges that affect fishes' capacities to feed, survive and reproduce; we identify a range of life-history adaptations that have enabled CRFs to overcome these limitations. In turn, these adaptations bestow a unique socio-ecological role on CRFs, which includes a key role in coral reef trophodynamics by cycling trophic energy provided by microscopic prey to larger consumers. Although small in body size, the ecology and evolutionary history of CRFs may make them a critical component of coral-reef food webs; yet our review also shows that these fishes are highly susceptible to a variety of anthropogenic disturbances. Understanding the consequences of these changes for CRFs and coral reef ecosystems will require us to shed more light on this frequently overlooked but highly diverse and abundant guild of coral reef fishes.
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I. INTRODUCTION
With approximately 27000 formally described species, teleost fishes are the most diverse vertebrate taxon, and more than half of this diversity occurs in marine habitats (Eschmeyer et al., 2010) . Marine fishes are integral to a variety of critical ecosystem processes and provide many ecosystem goods and services (Mora, 2015) . Despite this, the relatively recent exploration of the world's oceans, along with present-day challenges associated with sampling in the marine environment, have left many aspects of marine fish biodiversity unexplored (Mora, Tittensor & Myers, 2008; Costello et al., 2015) . Despite occupying only a fraction of the marine biome, tropical coral reefs harbour approximately one third of global marine fish biodiversity (Spalding & Grenfell, 1997) . Because of their accessibility and diversity, coral reef fauna has been intensively studied for decades (Knowlton et al., 2010) , and the taxonomy of reef fishes appears relatively advanced at first glance (Mora et al., 2008; Allen, 2015; Fisher et al., 2015) .
Several recent works have, however, concluded that the majority of newly described fish species over the next few decades will still be found on coral reefs (Eschmeyer et al., 2010; Allen, 2015; Costello et al., 2015) , with the extent of discovery being largely mediated by three factors: size (more small species are left to be described than large fishes), depth (more deep-reef species are left than shallow-reef species), and distribution (more species with restricted ranges are left than wide-ranging taxa). In this context, one currently loosely defined group of fishes meets all three of these criteria: cryptobenthic reef fishes (CRFs).
CRFs have previously been defined as 'adult fishes of typically <5 cm that are visually and/or behaviourally cryptic, and maintain a close association with the benthos' (Depczynski & Bellwood, 2003, p. 183) . Following this definition, CRFs are primarily characterised by small adult body sizes and some form of (at least anthropocentric) crypsis. Therefore, despite forming up to 50% of all reef fish individuals and at least 40% of reef fish species (Ackerman & Bellwood, 2000) , CRFs are perhaps the most poorly understood group of coral-reef vertebrates in terms of their biodiversity, ecology, and evolution. CRFs represent the 'hidden half' of coral reef vertebrate biodiversity.
Herein, we provide a comprehensive inventory of our knowledge concerning CRFs. Specifically, we synthesise data on CRFs from the literature or published databases to (i) develop the first quantitative definition of a core group of CRF families, and (ii) capture key aspects of the ecology and evolution of CRFs, and their functional role in coral reefs of the past, present, and future. Miller (1979, p. 263 ) defined CRFs as a group for which 'small body size permits exploitation of restricted habitats, where food and shelter are obtained, in, or in relation to, conditions of substrate complexity and/or restricted living space', a definition widely used thereafter (Patzner, 1999; Beldade, Erzini & Gonçalves, 2006) . Two more recent qualitative definitions exist, focussing on the importance of small body size (Depczynski & Bellwood, 2003) and position in relation to the benthos (Kovačić, Patzner & Schliewen, 2012 ). Yet, to date, there is no quantitative definition and limited consensus on whether many taxa are cryptobenthic.
II. DEFINING CRFs
While the term cryptobenthic suggests that benthic positioning is the driving factor, body size is the first criterion in Miller's original definition and has been retained in all subsequent descriptions. Body size imposes an overwhelming effect on fishes' life histories (Miller, 1996; Munday & Jones, 1998) and represents a one-dimensional and easily measured trait. Thus, it may represent a metric that adequately, albeit coarsely, reflects the broader ecological implications of being cryptobenthic. Given the coarse nature of size as a metric, a size-based definition may be most useful at a birds-eye perspective (i.e. the family or genus level) where broad patterns can be identified and used to infer ecological or evolutionary commonalities. Kovačić et al. (2012) rightly caution that the term cryptobenthic primarily refers to benthic positioning, but in contrast to body size, the positioning of the fish relative to the benthos is not easily assessed without in situ observations. Furthermore, benthic positioning can be highly divergent within relatively closely related taxa, making it difficult to define CRFs with a relatively broad brush. For example, some small species of gobies (e.g. Coryphopterus personatus) form large conspicuous groups that hover above the coral reef substrate , while their congener (Coryphopterus glaucofraenum) are cryptically coloured and live in, and on top of, sand and rubble (Forrester, 1995) .
We believe that the term 'cryptobenthic reef fishes' is most practical when describing a general set of life-history traits, rather than fine-scale differences in benthic positioning that may be important but are difficult to quantify across a broad range of taxa. Thus, we developed a family-level, size-based definition of CRFs, even though it makes the term cryptobenthic per se a misnomer. Referring to these fishes as 'microbenthic fishes' may perhaps be more fitting. Yet, for consistency, we continue to use the term cryptobenthic herein.
We used maximum-size estimates and reef-association as described in FishBase to define a core group of cryptobenthic fish families that occur predominantly on tropical coral reefs (Froese & Pauly, 2017) . Because FishBase's categorisation of species as 'reef-associated' is currently unreliable at the species level, reef fish families were determined from a list of all actinopterygian families through a stepwise procedure (see online Appendix S1). This resulted in a total of 6294 species of reef fishes sensu lato in 58 families (cf . Bellwood & Wainwright, 2002) . We then calculated the percentage of species within each family that remain smaller than 50 mm maximum body length, following the original size cut-off proposed by Depczynski & Bellwood (2003) . Families with more than 10% of species smaller than 50 mm were categorised as CRF families, while families with fewer than 10% of species smaller than 50 mm were categorised as 'large reef fish' (Fig. 1) . Based on this definition, the core CRF families are: the Aploactinidae, Apogonidae, Blenniidae, Bythitidae, Callionymidae, Chaenopsidae, Creediidae, Dactyloscopidae, Gobiidae, Gobiesocidae, Grammatidae, Labrisomidae, Opistognathidae, Plesiopidae, Pseudochromidae, Syngnathidae, and Tripterygiidae.
While any threshold is inherently arbitrary, our analysis identified a remarkable degree of separation. The vast majority of large reef fish families have no species smaller than 50 mm. Of the seven families that do (Antennariidae, Labridae, Monacanthidae, Pomacentridae, Scorpaenidae, Serranidae, Tetraodontidae), only the antennariids and scorpaenids approach the threshold value of 10%, while the five remaining families have fewer than 5% species smaller than 50 mm. Conversely, with the exception of the Syngnathidae (for which extreme elongation may deflate the proportion of species <50 mm), all CRF families have 15% or more species smaller than 50 mm. A second analysis using a larger size (100 mm) and higher threshold (50%) produced almost identical results (see online Fig. S1 ), with only four families changing designation (the Antennariidae are categorised as cryptobenthic, while the Callionymidae, Opistognathidae, and Syngnathidae are not).
Only three families occupy the range between 5 and 15% species smaller than 50 mm (the Antennariidae, Scorpaenidae, and Syngnathidae). This suggests an 'all-or-nothing' evolutionary strategy in coral reef fish families. In other words, successful existence in the smallest reef fish size class appears to necessitate a range of adaptations that require a strong commitment to being small. This is further supported by the phylogenetic distribution of CRF families. Most of the 17 identified CRF families fall within two series, the Ovalentaria (Blenniidae, Chaenopsidae, Dactyloscopidae, Gobiesocidae, Grammatidae, Labrisomidae, Opistognathidae, Plesiopidae, Pseudochromidae, Tripterygiidae) and Gobiaria (Apogonidae and Gobiidae), suggesting only few independent origins of cryptobenthic life-history strategies on reefs.
We stress that individual species in other lineages, such as the Scorpaenidae (e.g. genus Sebastapistes), Serranidae (e.g. genus Pseudogramma), Labridae (e.g. genus Wetmorella) or Antennariidae can most certainly be classified as cryptobenthic species based on their size and cryptic behaviour. However, we believe that our quantitative 50 mm family-level definition provides a clear portrait of CRF families that have embraced the strategy of being small cryptic fish on coral reefs. The core group of CRFs may therefore be classified as those belonging to a family with more than 10% of species being less than 50 mm in body size. Cryptobenthic reef fish families Large reef fish families Fig. 1 . A size-based definition of cryptobenthic reef fish (CRF) families. Dots show the proportion of species smaller than 50 mm in 58 families of coral reef fishes. Of those, 17 families (blue dots) comprise more than 10% of species smaller than 50 mm (vertical dashed line), while the vast majority of families that fall below the 10% threshold (black dots, with the exception of the Antennariidae and Scorpaenidae), contain less than 3% small-bodied species or none at all.
III. DIVERSITY AND DISTRIBUTION OF CRFs
(1) Taxonomy and diversification of CRFs (a) How many CRF species are there?
Recent surveys of coral reef fishes show that CRFs make up a considerable fraction of total fish diversity on coral reefs (Ackerman & Bellwood, 2000; Depczynski et al., 2007; Eschmeyer et al., 2010; Allen, 2015 ), yet to date there have been no attempts to quantify this fraction for all reef fishes worldwide. Our list of coral reef fish species contained 6294 species in 58 families, of which approximately 44% (2799 species) belong to the core 17 cryptobenthic families. However, during the early stages of coral reef exploration (18th and 19th century), this percentage was much lower, owing to a low initial rate of discovery or description of CRFs.
Based on yearly rates of description (see online Appendix S2), the rate of discovery of large conspicuous reef fishes has been relatively constant over time ( Fig. 2A) . By contrast, the rate of discovery and/or description for CRFs has steadily risen over time and, by the mid-20th century, surpassed that of larger reef fishes. This trend is especially noticeable over the last 30-35 years, as 60% of new reef fishes described between 1980 and 2014 were from cryptobenthic families (Allen, 2015) . Mora et al. (2008) estimated that approximately 92% of all reef-associated fishes had already been discovered by 2008, and posited that only ∼370 reef-associated species remained to be discovered. That number was surpassed only 6 years later, with 397 species of reef fishes being described between 2008 and the end of 2014. More than half (57%) of these newly described species were CRF species. Based on the current trends in species descriptions, rates of description for both CRFs and large reef fishes are unlikely to slow down soon. We project that the number of known CRF species will equal and eventually surpass the number of larger reef fishes around the year 2031 (Fig. 2B) .
Short-term peaks in the descriptions of reef fishes over time can be loosely tied to several key periods where technological advances propelled marine ichthyological exploration (reviewed in detail by Eschmeyer et al., 2010; Allen, 2015) . These include: (i) the emergence of worldwide marine biodiversity expeditions aboard large research vessels, starting around 1825 and peaking in the mid 1800s; (ii) the widespread use of SCUBA diving, coupled with underwater photography, and the use of chemicals for specimen collection, beginning around 1950; and (iii) the adoption of molecular tools in systematic ichthyology, which began in the early 2000s ( Fig. 2A) . These technological advances clearly facilitated the discovery of CRFs and larger reef fishes to varying extents.
Widespread ocean exploration primarily advanced the discovery of larger fishes. By contrast, while the use of SCUBA generally benefitted studies of all fishes, its use in conjunction with chemicals such as rotenone, quinaldine, and clove oil allowed, for the first time, efficient capture of CRFs (Ackerman & Bellwood, 2000 Smith-Vaniz, Jelks & Rocha, 2006; Robertson & Smith-Vaniz, 2008) . However, even with a wealth of specimens available for study from these collection methods, the process of identifying CRF species is still challenging. The diagnostic features indicative of evolutionarily distinct species, such as conspicuous colour differences, non-overlapping meristic counts, and key ecological or behavioural differences, are rarely apparent in CRFs. This began to change with the widespread use of DNA sequence data in reef-fish taxonomy.
Molecular taxonomy gained traction in reef-fish systematics in the early 2000s and led to a substantial increase in the number of CRFs known to science (Victor, 2015) , particularly when combined with morphological approaches -a practice termed 'integrative taxonomy' (Baldwin, Castillo & Weigt, 2011; Baldwin & Robertson, 2013 , 2014 . Typically, DNA sequences from short segments of rapidly evolving mitochondrial genes [e.g. cytochrome oxidase I (COI )] are compared across a large number of individuals, ultimately revealing fine-scale phylogenetic structure in the form of previously unnamed, reciprocally monophyletic groups.
In most cases, re-examining colouration, pigmentation, and morphology across genetic groups reveals corresponding diagnostic characters, thus reinforcing the presence of new species (but see Victor, 2010) . There are numerous examples of integrative taxonomic approaches that have led to the description of new species in, for example, gobiids (Winterbottom et al., 2014) , gobiesocids (e.g. Conway, Baldwin & White, 2014) , or tripterygiids (e.g. Victor, 2013) . Even in cases where no new species are described, integrative taxonomic approaches on CRFs have proven informative by clarifying species boundaries and justifying synonymies in groups with challenging taxonomies (Baldwin et al., 2009; Farnsworth, Bellwood & Van Herwerden, 2010) .
(b) Diversification and niche partitioning in CRFs
The majority of species richness within CRFs is limited to two main evolutionary lineages within the Percomorpha, the Gobiidae and the Blennioidei. The disproportionately large number of species in these clades relative to other reef-fish groups is not simply a function of the evolutionary age of these lineages; gobies and blennioids are not significantly older than the major lineages of larger reef fishes . Both lineages are, however, among the most rapidly diversifying groups of acanthomorph fishes, alongside freshwater cichlids, tunas and allies, and snailfishes (Near et al., 2013) , as well as the serranid genus Hypoplectrus (also one of the smallest lineages within the Serranidae; Puebla et al., 2007; Picq, McMillan & Puebla, 2016) .
This diversification is remarkable given the low global spatial coverage of coral reefs compared to open ocean (for tuna) and cold-temperate seafloor (for snailfishes). High rates of diversification in CRFs are almost certainly linked to several aspects of their biology, the most obvious of which being their small size coupled with their tight association with the benthos. One key advantage of being small is the high availability of distinct niches at small scales. In other words, being able to exist within a confined microhabitat hardly bigger than the total length of most large reef fish species may have permitted extensive habitat partitioning among CRFs across multiple scales (Fig. 3) .
Niche partitioning has been linked to speciation in several groups of CRFs (Ahmadia et al., 2018 ). An extreme example of this phenomenon occurs within the genus Gobiodon (coral gobies), which have strict commensal relationships with branching corals in the Indo-Pacific (Munday, 2001) . In fact, some species of Gobiodon live in only one or two species of host acroporid corals (Fig. 3A) (Munday et al., 1997; Dirnwöber & Herler, 2007) , and there is strong competition for the most preferred corals and deleterious consequences of living on less-desirable corals (Munday, 2001) . Accordingly, Munday, van Herwerden & Dudgeon (2004) Cumulative number of fish species described. The dashed red line marks the actual proportion of large reef fishes in the total pool, while the solid red line represents the predicted proportion based on a negative binomial linear model. Although CRFs comprise only 17 families (compared to 44 large reef fish species), the model predicts that the cumulative number of described CRF species will exceed large reef fish diversity by the year 2031. that sympatric speciation via shifting to new coral hosts was a key factor that led to the taxonomic diversity in the genus, facilitated by already established, highly diverse assemblages of Acropora host corals (Duchene et al., 2013) . Fine-scale niche partitioning also occurs within other Indo-Pacific gobiid genera, including species-specific coral host partitioning within Bryaninops and Pleurosicya (Depczynski & Bellwood, 2004; Herler, 2007) .
A slightly coarser example of niche partitioning linked to speciation is seen in the genus Eviota (dwarf gobies; Fig. 3B ). Eviota species display varying levels of preference for coral, rubble, or sand habitats (Tornabene, Chen & Pezold, 2013) . Phylogenetic and ecological data indicate that ancestral Eviota primarily lived on live coral, but then diversified to exploit rubble or sand microhabitats, ultimately leading to entire clades of sand versus coral versus rubble specialists coexisting on reefs (Tornabene et al., 2013) . Habitat partitioning has also been implicated as a major driver of speciation and adaptive radiation in the American seven-spined gobies [tribe Gobiosomatini (Rüber, Van Tassell & Zardoya, 2003) ]. After an initial split between soft-and hard-bottom associated species, the hard-bottom clade rapidly diversified across a wide variety of different microhabitats (Rüber et al., 2003; Taylor & Hellberg, 2006 ).
Yet, niche partitioning in CRFs is not just restricted to the scale of host species or substratum types, but also occurs across broader reef zones. For example, worm-tube-inhabiting blennies in the genus Acanthemblemaria (Chaenopsidae) partition microhabitats among species at both fine scales (e.g. the size, orientation, and position of the worm-tube relative to the substrate), but also by depth and zone of the reef [exposed versus sheltered areas (Greenfield & Greenfield, 1982; Clarke, 1989) ], both among and within species (Böhm & Hoeksema, 2017) . Similarly, blennies in the tribe Salariini (Blenniidae) have specific requirements for the size of shelter holes (Wilson, Fisher & Pratchett, 2013) , and clearly defined microhabitat preferences (e.g. sand, rock, branching coral, etc.), but are also highly selective for broader zones on reefs at the island scale (lagoon versus exposed, shallow versus deep; Fig. 3C ) (Wilson, 2001) . They also appear to partition their habitat by depth on man-made habitats (Topolski & Szedlmayer, 2004) . Niche-partitioning by depth has also been observed in gobies of the Nes subgroup (Varicus and allies), which have undergone an adaptive radiation on deep reefs , and the grammatid genus Lipogramma, which form clades of species that inhabit distinct depth zones on mesophotic and deeper reefs .
Finally, there is also evidence for partitioning at betweenreef scales. Across the shelf of the Australian Great Barrier Reef (GBR), three species pairs of cardinalfishes are strictly confined to their respective shelf position, suggesting that reef-scale partitioning may also have driven speciation at scales as large as reefs across the GBR (Goatley et al., 2016b ; Fig. 3D ).
(c) Diversification without clear niche partitioning: local endemism in CRFs
The combination of poor dispersal abilities and limited adult mobility also makes CRFs prone to allopatric speciation, which provides a second mechanism by which rapid diversification can occur. Populations of CRFs can quickly become isolated from each other through the establishment of new physical barriers to gene flow, or by rare long-distance dispersal events carrying individuals to distant localities. Subsequent reproductive incompatibility (and ultimately, speciation) may evolve rapidly due to rapid generational turnover. Importantly, barriers to gene flow need not be completely impermeable or permanent, and can consist of strong or temporally ephemeral surface currents or temporary land barriers exposed during glacioeustatic sea-level fluctuations (Cowman & Bellwood, 2011) .
Extensive allopatric speciation was found in the diverse gobiid genus Elacatinus in the tropical Western Atlantic (Colin, 2010) , where semipermeable geographic barriers, such as the Mona Passage in the Caribbean Sea, were sufficient for reproductive isolation of allopatric populations separated by distances as short as 23 km (Colin, 1975; Taylor & Hellberg, 2005 , 2006 . Sister taxa in Elacatinus often evolve different colouration, which may facilitate assortative mating in zones of secondary contact. Other groups of CRFs also show patterns consistent with rapid and fine-scale allopatric speciation, including Western Atlantic species of the labrisomid genus Starksia (Baldwin et al., 2011) , the Tigrigobius multifasciatus complex (Victor, 2010) , and Eviota (Farnsworth et al., 2010; Tornabene et al., 2015) . But perhaps the most extreme case of 'micro-endemism' occurs in the ultra-diverse, Indo-Pacific gobies of the genus Trimma. Analysis of Trimma mitochondrial COI sequences revealed many clusters of undescribed species, with dozens of putative species occurring from single islands or island groups (Winterbottom et al., 2014) . If the genetically and geographically distinct lineages in Trimma are indeed distinct species, then the number of Trimma species may well exceed 200, making it the most diverse genus of coral reef fishes (cf . Greenfield, 2017) . Fig. 3 . Examples of spatial partitioning in cryptobenthic reef fishes (CRFs), including the gobiid genera Gobiodon (Munday, Jones, & Caley, 1997) and Eviota (Tornabene et al., 2015) , the blenniid tribe Salariini (Wilson, 2001 ) and the Apogonidae (Goatley, González-Cabello, & Bellwood, 2016b) Finally, speciation via peripheral isolation, with or without niche differentiation (e.g. peripatric speciation), is common in reef fishes (Rocha & Bowen, 2008 ) and represents another mechanism by which CRFs can diversify. While peripheral isolation is rarely studied in CRFs and can be difficult to distinguish from other speciation mechanisms, the pattern of recently diverged, geographically isolated species occurring at the edge of the distribution of a closely related taxon has been observed in western Atlantic Bathygobius (Rodríguez-Rey et al., 2017) , and in Eviota (Tornabene et al., 2015) . It is possible that peripatric speciation is more common in CRFs than currently documented.
(2) Distribution and abundance
Determining the distribution patterns and abundances of species are critical to our understanding of marine ecosystems. In this context, the diversity, small size, and crypsis of CRFs have historically represented a great challenge. While many large coral reef fishes are adequately surveyed by the most common fish census technique, underwater visual censuses (UVCs; Edgar, Barrett & Morton, 2004) , there is clear evidence that UVCs do not produce reliable estimates of CRF assemblages (Ackerman & Bellwood, 2000; Smith-Vaniz et al., 2006; Alzate, Zapata & Giraldo, 2014) . Indeed, only collection-based methods provide an adequate representation of CRF communities. Collections differ from UVCs in both the detected taxa and the respective number of individuals (Ackerman & Bellwood, 2000; Willis, 2001; Smith-Vaniz et al., 2006; Kovačić et al., 2012) . Beyond issues associated with accurate detection during visual censuses (e.g. small size and crypsis), diagnostic morphological characters of CRFs are often minute and impossible to distinguish underwater, which makes species-level identification of CRFs underwater nearly impossible in many cases. Thus, in order to obtain accurate estimates of CRF assemblages, collection-based methods are almost without alternative, although recent advances in the use of ultraviolet or infrared light surveys may be a promising new avenue (De Brauwer et al., 2017) .
Among collection-based techniques, two broad scales and three different agents are most widely used. Early quantitative samples of CRFs were made over large, but poorly quantified, areas (up to 100 m 2 ) that were inundated with the ichthyocide rotenone (e.g. Greenfield, 2003) . More recently, much smaller, but quantifiable, replicated areas of reef (between 0.4 and 10 m 2 ) have been sampled using rotenone, quinaldine, or clove oil. The use of nets and impermeable tarpaulins prevents the escape of targeted fishes, amplifies the efficacy of the chemicals used, and ensures precise delineation of the sampling area, therefore permitting accurate quantification of individuals (Ackerman & Bellwood, 2000; Depczynski et al., 2007; Ahmadia, Pezold & Smith, 2012a; Ahmadia et al., 2012b; Glavičić et al., 2016) . In terms of the chemical agent used, there is evidence that clove oil (diluted with ethanol) and rotenone/quinaldine differ in their efficiency in sampling certain taxonomic groups (Ackerman & Bellwood, 2002) , which ultimately leads to broadly comparable, but nevertheless complementary, samples. Yet, due to legal limitations and the potential environmental and health impacts of rotenone or quinaldine versus clove oil (Robertson & Smith-Vaniz, 2008) , enclosed clove oil stations are now the most widely used collection tool (Ahmadia et al., 2012b; Lefèvre et al., 2016; Goatley et al., 2016b; Brandl et al., 2017) , although both rotenone and quinaldine continue to be used (Glavičić et al., 2016; Coker et al., 2017) .
The difficulty of accurately sampling cryptobenthic fish assemblages, along with the logistical efforts necessary to obtain institutional animal ethics approval and environmental permission for collections (Robertson & Smith-Vaniz, 2008) , has resulted in a strikingly poor body of quantitative data on CRF assemblages, both regionally and globally (Fig. 4A) . Specifically, although some data exist from the Eastern Pacific (González-Cabello & Bellwood, 2009; Alzate et al., 2014; Galland et al., 2017) , Indo-Australian Archipelago (IAA; e.g. Depczynski & Bellwood, 2005; Ahmadia et al., 2012b) , Western Atlantic (e.g. Smith-Vaniz et al., 2006; Brandl et al., 2017) , and most recently, the Red Sea (Coker et al., 2017) and South Pacific (Ahmadia et al., 2018) , there is a notable absence of data from the entire remainder of the Indian Ocean, most of the Central and South Pacific, and Southwestern Atlantic. In addition, coverage within the regions that have been sampled is poor, with in-depth sampling at just two locations on the GBR, and one location each in Indonesia and the Caribbean. By contrast, temperate and sub-tropical CRF assemblages, although with limited geographic spread, have been sampled relatively broadly in the Mediterranean/Eastern Atlantic (Kovačić et al., 2012; Glavičić et al., 2016) and New Zealand (Willis, 2001; Willis & Anderson, 2003) .
Compared to temperate assemblages, abundances of CRFs are much higher on tropical coral reefs (up to 30 individuals m −2 in the Red Sea), although certain habitats, such as rubble beds on the GBR and in the Red Sea, or shallow reefs in eastern Panama, can harbour almost 40, 75, and 80 individuals m −2 , respectively (Depczynski & Bellwood, 2005; Brandl et al., 2017; Coker et al., 2017) . However, wherever CRFs have been sampled quantitatively, their density is equal to (Ackerman & Bellwood, 2000) , or outweighs that of all larger fishes. For example, by comparing the numbers of visually censused large fishes to CRFs collected using rotenone, Galland et al. (2017) show that CRFs can account for more than 95% of individual fishes present on reefs in the eastern Pacific. Despite their high densities, CRFs contribute very little to overall fish biomass (Depczynski et al., 2007; Galland et al., 2017) .
The highest reported average species densities of CRFs are 12.98 and 13.75 species m −2 on the GBR (Lefèvre et al., 2016) and Red Sea (Coker et al., 2017) , respectively, which is considerably higher than estimates from the Tropical Eastern Pacific (4 species m 40% on the GBR and the eastern Pacific; Ackerman & Bellwood, 2000; Galland et al., 2017) . Thus, although CRFs appear to be present at high densities and diversity in all tropical reef habitats sampled to date, we lack even basic quantitative data on cryptobenthic fish communities from most locations within all biogeographic regions. Only two studies have, to date, compared CRF assemblages across bioregions (González-Cabello & Bellwood, 2009; Ahmadia et al., 2018) , with one other study comparing cryptobenthic fish assemblages from artificial habitats across a latitudinal gradient . All three studies show that cryptobenthic fish assemblages follow established biogeographic patterns, which suggests that we have yet to comprehensively explore regions that harbour the ocean's highest levels of biodiversity (i.e. the Indo Australian Archipelago, or coral triangle) or endemism (e.g. the Red Sea, Southwestern Atlantic, or the South Pacific) (Cowman et al., 2017) .
Similarly, currently available quantitative data on CRFs across depths is extremely limited (Fig. 4B) , with data almost exclusively restricted to shallow depths (<15 m). Predictably, mesophotic and deep reef ecosystems (>40 m) have yet to be sampled quantitatively for CRFs: among the studies that have undertaken UVCs beyond regular SCUBA-depth, most have excluded CRFs from their surveys for practical reasons (e.g. Kane, Kosaki & Wagner, 2014) , and the few studies that did include CRFs (e.g. Sih, Cappo & Kingsford, 2017) report extremely low numbers (e.g. a single
Meiacanthus luteus at 100 m depth on the GBR), emphasising the difficulty of detecting CRFs with visual techniques. Yet, recent exploration of deep reefs with a submersible equipped with suction hose and a quinaldine ejection system has yielded a multitude of thus-far undescribed species of CRFs (Baldwin & Robertson, 2013; Baldwin et al., 2016) . This suggests that these poorly studied, and reportedly less diverse and productive ecosystems (Kahng, Copus & Wagner, 2014) , may harbour thriving communities of unique cryptobenthic fish species . The employment of standardised habitat modules that can be targeted on submersible dives to obtain an indication of relative abundance and diversity of CRFs in a delimited area may be the most promising avenue towards gaining quantitative insights into cryptobenthic fish communities at depth.
In addition to spatial heterogeneity, CRF communities can change over time. However, only few time series that assess temporal patterns in CRF communities exist. Lefèvre & Bellwood (2015) monitored CRF assemblages over eight-week periods, demonstrating that the community composition of CRFs can quickly return to its original state after sampling. However, in the only time series that extends beyond 2 years, CRF communities changed rapidly in response to changes in the underlying habitat (Bellwood et al., , 2012 . Notably, all of this work was performed at two locations on the GBR, thus providing few generalisable insights on the temporal dynamics of CRF communities.
IV. ECOLOGY AND FUNCTIONAL ROLE OF CRFs (1) Ecological challenges and adaptive responses
There are several salient challenges arising from small body size that fundamentally affect CRF ecology (Miller, 1996; Munday & Jones, 1998) . Specifically, small size affects basic parameters of organismal biology, such as metabolic rates, survival, and reproductive output. All three of these show an exponential relationship with body mass (Fig. 5) , as predicted by allometric scaling laws (West, Brown & Enquist, 1997) . Broadly speaking, this suggests that CRFs possess: (i) exponentially higher mass-specific metabolic rates than large fishes, which lead to relatively high energy demands; (ii) exponentially higher mortality rates compared to large fishes, which implies high vulnerability to predators; and (iii) exponentially lower reproductive output than large fishes, which implies narrow margins of error for the reproductive success of individuals.
(a) Feeding
Small body sizes reduce overall nutritional needs, leading to lower energy demands in absolute terms. However, based on the geometric properties of resource-transport networks (West et al., 1997) , small body sizes in CRFs are likely to have (A) high mass-specific metabolic rates, (B) high mortality rates, and (C) low batch fecundity, as shown by three exponential relationships with body mass. Note that all three plots are plotted on a log-log scale. Data were gathered from (A) Barneche et al. (2014) and additional primary sources [see raw data on Figshare (https://figshare.com/s/cb081b58304eef6269e7)], (B) Goatley & Bellwood (2016) and sources within, and (C) Kasimatis & Riginos (2016) . possess exponentially higher mass-specific metabolic rates (i.e. metabolic expenditure per gram body mass), thus requiring a higher intake of resources per gram of body mass. Our data suggest that this is broadly accurate, as CRFs appear to have higher mass-specific metabolic rates compared to large-reef-fish families. As a consequence, the replenishment and investment of energy in small fishes is likely to be on a tightly controlled budget, with low tolerance for periods of starvation or decreased food intake (Miller, 1996) . However, interestingly, the average mass-specific metabolism for CRF families appears to be lower than expected given their size when compared to highly active families such as the Pomacentridae or Labridae (Fig. 5) .
While the robustness of this pattern is dependent on the vagaries of metabolic rate measurements (Rummer et al., 2016) , a lower mass-specific metabolism in CRFs appears intuitive given their lifestyles (Fu et al., 2009) . Pomacentrids, labrids, or caesionids rely on more or less constant locomotion in the water column. By contrast, CRFs spend large amounts of time sheltering or resting on the benthos, interspersed with short periods of burst-and-coast locomotion (Miller, 1996) , therefore decreasing their overall activity levels. The absence of the high-maintenance metabolic rates that would be predicted from size alone is almost certainly associated with the size-based limitations CRFs face for safely obtaining and digesting food items (as detailed below).
Fishes are limited in the size of prey items they can capture and ingest by their gape size (Mihalitsis & Bellwood, 2017) . This imposes a fixed maximum size on the prey items available and restricts the size at which feeding behaviours such as winnowing can be performed (Schmitt & Holbrook, 1984) . Likewise, small size confines the space available inside the peritoneal cavity (Miller, 1996) , which can limit the diameter and relative length of the alimentary tract (cf . Kotrschal & Thomson, 1986) . A long gut relative to body size is characteristic of piscine marine herbivores (Elliott & Bellwood, 2003) and therefore assumed to be necessary for the efficient exploitation of relatively low-energy resources like marine algae (Horn, 1989) . Thus, length-based limitations of CRFs may reduce their capacity to exploit algae, although a detailed physiological examination of the digestive system of nominally herbivorous CRFs has yet to be performed (cf . Clements, Raubenheimer & Choat, 2009) . Furthermore, while a few groups, such as the Apogonidae, have been shown to venture as far as 30 m to forage at night (Marnane & Bellwood, 2002; Rueger, Gardiner & Jones, 2014) , most CRFs have home ranges smaller than 5 m 2 (Reavis, 1997b; Depczynski & Bellwood, 2004; Nilsson et al., 2004) , which naturally confines access to prey.
In addition to intrinsic physiological challenges, due to the threat of predation on small-bodied fishes (see Section IV.1b) and the trade-off between foraging and vigilance (Houston, McNamara & Hutchinson, 1993) , CRFs are probably limited in the extent to which continuous foraging strategies (e.g. grazing on primary production) can be performed, as only short periods of inattentiveness to their surroundings can be afforded. Thus, anatomical, spatial, and environmental limitations dramatically curb the range of available prey, how prey can be exploited, and the area over which CRFs can forage for these prey items (Hernaman, Probert & Robbins, 2009 ). Consequently, CRFs are probably unable to afford active lifestyles and associated high-maintenance metabolisms (i.e. the high mass-specific metabolic rates predicted based on size), that rely on constant feeding or high-quality fuel.
Instead, CRFs appear to be highly opportunistic, foraging on a vast array of small prey items ( Fig. 6 ; Depczynski & Bellwood, 2003) . Among these, crustaceans are by far the most frequent prey (45.6% of registered prey items, occurring in samples from all studied CRF families; see online Appendix S3 for methods), with amphipods, copepods, and decapods as the top three taxa. Both planktonic and demersal micro-crustaceans have been suggested as a ubiquitous, highly abundant prey item that provides a high-protein diet to small fishes (Kotrschal & Thomson, 1986; Kramer, Bellwood & Bellwood, 2013) ; our analysis of published stomach contents supports this hypothesis, as almost all cryptobenthic fish species forage extensively on crustacean prey.
Teleost fishes, along with their eggs, body parts, or larvae, are the second most frequent group of prey items, although their proportional contribution to the diet of different families is less consistent. This concurs with recent findings that show high rates of intra-guild predation on CRFs by CRFs, with body size being virtually the sole driver of whether an individual will be predator or prey (Miller, 1996; Goatley, González-Cabello & Bellwood, 2017) .
With lower overall contributions, molluscs (predominantly gastropods and bivalves) and annelids (largely polychaetes) are still relatively consistently consumed across most families. By contrast, primary producers are consumed predominantly by blenniids and gobiids. In both of these families, it appears that larger-bodied species are more likely to be consumers of primary producers (e.g. genera Amblygobius, Ophioblennius; Kotrschal & Thomson, 1986; Wilson, 2000; Hernaman et al., 2009; Hundt, Nakamura & Yamaoka, 2014; Hundt et al., 2017) , suggesting that even slight increases in body size relax nutritional limits associated with marine herbivory and the trade-off between constant grazing and vulnerability to predation (Goatley & Bellwood, 2016; Goatley et al., 2017) .
Finally, consumption of detritus, which is relatively uncommon among large reef fish families, appears to be common across size classes and in a wide range of CRF families, likely reflecting the availability of a potentially highly nutritious, ubiquitous, and easily accessible resource for CRFs (Wilson, 2002; Depczynski & Bellwood, 2003; Wilson et al., 2003; Hernaman et al., 2009; Hundt et al., 2014) . In this context, microbial organisms within the epilithic algal matrix may ensure high protein content in organic detritus (Clements et al., 2017) . Thus, outside of few isolated cases in which adaptations permit specialisation on a single food source [e.g. the plesiopid genus Notograptus, which enter the burrows of alpheid shrimps and ingest them whole, thanks to exceptionally high suspensorial and anal flexibility (Mooi Given their opportunistic foraging and the high overall densities of CRFs on reefs (across all families and species; Fig. 4) , competition for food is likely to be intense (Bonin et al., 2015) . In this context, the opportunistic feeding of most CRFs might blur boundaries between inter-and intraspecific competition, raising the question of how populations of so many species can coexist when all of them compete for the same food resources. We suggest that spatial partitioning, facilitated by small home ranges and high microhabitat specialisation, frequently accompanied by access to a slightly different range of food items, provides the key to avoiding competition and permitting coexistence in CRF communities.
Perhaps the most striking example of this is in the tube blennies (genus Acanthemblemaria). Two species, A. spinosa and A. aspera, coexist stably on the outer Mesoamerican Barrier Reef. However, A. spinosa consistently occupies more exposed, higher areas than A. aspera, which will move into those microhabitats if A. spinosa is absent (Clarke, 1989) . Clarke (1992) showed that its elevated position permits A. spinosa to feed primarily on planktonic calanoid and cyclopoid copepods, while A. aspera is restricted to harpacticoid copepods of benthic origin. The competitive superiority of A. spinosa appears to be related to its higher metabolic rate (Clarke, 1992) , which in turn makes this species unable to persist in lower areas, where food supply is poorer. Similarly, many species of eastern Pacific tripterygiids (genus Enneanectes) forage across a wide array of potential prey (Fig. 6) , ingesting prey from virtually all broader categories. Yet, all of them appear to exist in specific microhabitats (Kotrschal & Thomson, 1986) . Finally, the two most abundant gobies on inshore reefs of the GBR (Eviota queenslandica and Istigobius goldmanni) use a broad range of resources (Depczynski & Bellwood, 2003) , but have extremely small home ranges and different microhabitat preferences (Depczynski & Bellwood, 2004) . It is likely that more detailed assessments of these species' diets (using, for instance, gut-content DNA metabarcoding) would reveal fine-scale dietary differences that arise from spatial differences in prey availability.
These examples support the potential importance of metabolic rates and microhabitat partitioning for the nutritional ecology of CRFs. Although based on limited evidence, competitive interactions among cryptobenthic fishes may be predominantly mediated by metabolic rates and microhabitat partitioning. As a consequence, each species may be able to pursue opportunistic, low-movement, and low-risk foraging on prey that is available within the respective microhabitat, ultimately resulting in limited dietary overlap among opportunistic foragers.
(b) Survival
Predation is one of the major forces shaping coral reef communities and of all the factors that mediate a species' vulnerability to predation, size is perhaps the most important (Forrester & Steele, 2004; Goatley & Bellwood, 2016; Goatley et al., 2017) . While a wealth of literature has demonstrated that predation effects are strong on newly settled reef fishes (e.g. Steele & Forrester, 2002; Almany, 2004) , less is known about the magnitude of predation on CRFs. Field experiments, observations, and demographic patterns in CRFs suggest that predation imposes high mortality on many Caribbean (Forrester, 1995; Forrester & Steele, 2004) and Indo-Pacific goby populations (Thompson, 2005; Hernaman & Munday, 2005b; Winterbottom & Southcott, 2008) , with some populations experiencing mortality rates of up to 7.8% per day (Eviota sigillata; . Turnover rates and demographic patterns in the blennies Salarias patzneri and Ophioblennius atlanticus also suggest high predation-induced mortality (Côté & Hunte, 1989; Wilson, 2004) . The extremely short lifespans of many CRFs in the wild (Table 1) further support this pattern (Reavis, 1997a; Kritzer, 2002; Depczynski & Bellwood, 2005; Hernaman & Munday, 2005a; Winterbottom & Southcott, 2008) , especially given the apparently higher longevity of CRFs in predator-free environments (e.g. 23 months for Eviota nigriventris; Randall & Delbeek, 2009 ). In some cases, limited sheltering opportunities in high-density populations appear to increase predator-induced mortality (Forrester & Steele, 2004) . Most cryptobenthic fish species seek shelter in barnacles, worm-holes, burrows, shells, caves, or virtually any structure that can accommodate them. By contrast, protective morphology, such as heavy scaling, deep bodies, spines, toxicity, and aposematism typical for other small fishes (e.g. Scorpaenidae, Canthigasterinae, Pomacentridae) are relatively rare (Fig. 7) . In fact, only a few selected taxa appear to reduce predation through chemical or structural defence mechanisms. Most notably, some Elacatinus or Gobiodon gobies can secrete toxic compounds from their skins that appear to be noxious to predators (Colin, 1975; Schubert et al., 2003) . As a consequence, predators exhibit comparably low preference for these gobies (Colin, 1975; Schubert et al., 2003; Gratzer et al., 2015) . As a consequence of investing into predator defence, the life-history strategies of these gobies may deviate from the short lifespan and high mortality typical of other CRF species (Miller, 1996) . Indeed, coral gobies in the genus Gobiodon appear to have longer lifespans than most other tropical gobies both in the wild (>2 years) and aquarium settings (13 years for G. okinawae in aquarium settings; Randall & Delbeek, 2009 ), which suggests both lower mortality in the field and a relaxation of the apparent limit on lifespans in high-turnover species [e.g. genus Eviota, which are reported to live less than 4 weeks as adults in the wild, and less than 2 years in captivity (Depczynski & Bellwood, 2005; Randall & Delbeek, 2009)] . Similarly, the fang blennies Meiacanthus atrodorsalis and M. grammistes have evolved snake-like venomous fangs (Casewell et al., 2017) and mimicry, which appear to deliver some degree of release from the intense predation rates on small fishes (Losey, 1975) . Other selected cryptobenthic taxa have evolved physical deterrents, such as preopercular spines in the Bythitidae, Callionymidae or Aploactinidae (e.g. Fricke, 2016) , or small venomous opercular spines in the Gobiesocidae (Conway et al., 2014) . However, the effects of these adaptations on predator deterrence, and potential consequences for these fishes' demography have not been tested.
Finally, some CRFs appear to ameliorate predation through dilution effects or specialised behavioural strategies such as mutualisms with predatory species. For example, some gobies (Palatogobius spp. or Coryphopterus personatus) and cardinalfishes hover a short distance away from the benthos and are therefore heavily exposed to predators (Miller, 1996; Tornabene & Baldwin, 2017) . These species commonly occur in loose aggregations, possibly reducing per capita predation rates through dilution effects (White & Warner, 2007) . This may also be accompanied by life-history adaptations such as shorter life cycles and faster growth (Miller, 1996) . Likewise, a few CRFs provide behaviours such as cleaning services (e.g. the goby genus Elacatinus, the clingfish Lepadogaster candollei, some pipefish species). While cleaning behaviour may have primarily evolved to serve as a foraging strategy, there is evidence to support its role in reducing predation pressure (Côté & Soares, 2011; Weitzmann, 2012) : potential predators benefit from parasite removal by the goby, and consequently, relatively low predation rates are reported (Benkwitt, 2015; Tuttle, 2017) . Taking this strategy one step further, some species of blenny (e.g. genus Plagiotremus) opportunistically mimic cleaning species in the labrid genus Labroides, but exclusively target host tissue instead of providing cleaning services (Côté & Cheney, 2005 , 2007 . In addition, some species such as the cardinalfish Cheilodipterus nigroteanius and the blenny Ecsenius gravieri appear to employ Batesian mimicry to mimic the venomous fang-blenny Meiacanthus grammistes and M. nigrolineatus, respectively, thus gaining some protection from predation (Casewell et al., 2017) . Other forms of mimicry may also exist in, for instance, jawfish (Rocha, Ross & Kopp, 2012) .
However, both deterrence (such as skin toxins, heavy scales, venomous fangs or spines) and social or behavioural strategies that ameliorate predation through dilution, mutualisms, or mimicry, are relatively rare among CRFs. This suggests that most CRFs rely on the relatively low-cost strategy of avoiding predators through sheltering, crypsis, or camouflage (Fig. 7) , while relying on life-history adaptations to ensure successful reproduction despite rapid mortality. Given that most cryptobenthic fish species do not live much longer than 1 year in the wild (Table 1) , with some having lifespans as short as a few weeks, the best option for most CRFs is clearly to avoid being seen and to reproduce as rapidly, and frequently, as possible.
(c) Reproduction
Perhaps the most stringent limitation of small body size in fishes is found in the relationship between body mass and fecundity. For example, the grammatid Gramma loreto has clutches as small as 60 eggs, while larger, broadcast-spawning reef fish species such as Lutjanus erythropterus release as many as 6000000 eggs in one event (Kasimatis & Riginos, 2016) . Aside from small body size, the elongated shape of CRFs (with associated peritoneal-size restrictions), strict energy budgets, and rapid growth, might further restrict their capacity to produce large numbers of eggs (Miller, 1996; , resulting in minimal batch size for most cryptobenthic species. Three life-history adaptations appear to ensure successful reproduction in CRFs, despite low batch size: (i) complex social systems, (ii) hermaphroditism, and (iii) parental care (Fig. 8) .
Coral reef fishes, as a whole, display a vast range of social and reproductive strategies (Brandl & Bellwood, 2014) , virtually all of which are present among CRFs. Within the Gobiidae alone, nearly all forms of sociality and reproductive strategies occur, ranging from strictly monogamous, pair-forming species (Valenciennea strigata) to monogamous, group-living species (Paragobiodon echinocephalus), polygynous (one male, multiple females), haremic species (Trimma okinawae), or polgynandrous (two males, multiple females) group-living species (Eviota bifasciata) (Wong & Buston, 2013) . Furthermore, even within species, plasticity in social organisation and mating strategies exists ; but see Hernaman & Munday, 2007) . Such variability may maximise mating opportunities during their short lives and may be enhanced by behaviours such as territoriality (Côté & Hunte, 1989) or homing (Gould, Harii & Dunlap, 2014) , which ensure familiarity among neighbours and conspecifics. Given the extremely limited mobility of most cryptobenthic fish species, the formation of social bonds that keep potential mates within reach is likely to be critical.
Individual reproductive success also depends on the reproductive compatibility of conspecifics and the social status within a group. In this context, hermaphroditism can greatly enhance mating opportunities and ensure Fig. 7 . Survival strategies of cryptobenthic reef fishes (CRFs) are promoted by either the avoidance, deterrence, or mitigation of predation pressure. While all three strategies occur among CRFs, predator avoidance through sheltering, crypsis, or camouflage is by far the most common. A much smaller number of families use physical or chemical protection, or social/behavioural mitigation through schooling, commensalism or mimicry. Photographs from left to right: Emblemaria hypacanthus, sheltering in a tube; Gobiodon citrinus, a coral goby which may possess skin toxins that deter predators; Plagiotremus rhinorhynchos, a fang-blenny that mimics cleaner wrasses Labroides dimidiatus, gaining both safety and access to food. Photographs by P. Ryan and J.P. Krajewski. successful reproduction (Munday, Buston & Warner, 2006) . In CRFs, all types of sex-change are present, including sequential protogyny in the Gobiidae, Pseudochromidae and Grammatidae (e.g. Warner, 1984; Leite et al., 2016 , sequential protandry in the Creediidae and Gobiidae (Munday et al., 2006; Shitamitsu & Sunobe, 2017) , and simultaneous, bi-directional sex-change in the Gobiidae and Pseudochromidae (St. Mary, 2000; Wittenrich & Munday, 2005) . Notably, the extreme susceptibility of CRFs to predation might drive the high incidence of bi-directional sex change, at least in the Gobiidae. In both extreme habitat specialists (e.g. genera Gobiodon or Bryaninops), for which any ventures beyond their preferred habitat are probably extremely risky, and the smallest gobies (e.g. genera Trimma or Lythrypnus), for which predation rates are probably particularly high (Winterbottom, Alofs & Marseu, 2011) , bi-directional sex change may offset both high mortality in potential reproductive partners and low mobility (Sunobe & Nakazono, 1993) . Functional hermaphroditism is probably more widespread among CRFs than currently reported, but with few exceptions (e.g. Cole, 1990) , no broad investigations of gonad morphologies have been performed on most cryptobenthic species.
Perhaps the most unifying reproductive trait among CRFs is parental care, which ensures that relatively high percentages of offspring survive to the larval stage, and Fig. 8 . Reproductive diversity in cryptobenthic reef fishes (CRFs) as an adaptation to being small. CRFs need to (1) find a mate, (2) ensure reproductive compatibility, and (3) maximise offspring survival because of small reproductive capacity due to body size. To find a mate, CRFs have developed several forms of group-living and homing behaviours, which foster familiarity within social groups and locations, thus facilitating encounters. This peaks in true monogamy, where a mate is guarded and mated with repeatedly. To ensure reproductive compatibility, CRFs have also evolved every possible manifestation of sex change. Finally, to maximise offspring survival, CRFs have developed a variety of adaptations to protect their offspring, including all forms of parental care known in fishes and some unique behaviours. Photographs from left to right: the monogamous goby Valenciennea strigata; the hermaphroditic basslet Gramma loreto; the mouthbrooding jawfish Opistognathus punctatus. Photographs by P. Ryan.
conveys a significant advantage in the planktonic stage (Barlow, 1981) . Postzygotic care is limited in scope and frequency in tropical marine fishes when compared to freshwater fishes (Barlow, 1981) . However, in CRFs, parental care is almost universal, with only the Callionymidae and Creediidae being reported to broadcast-spawn pelagic eggs (Fricke, Jawad & Al-Mamry, 2014; Shitamitsu & Sunobe, 2017) . Both of these families are predominantly found in sandy habitats, limiting the potential for postzygotic care as no hard substrata are available for attachment. Besides these two families, CRFs have adopted a remarkable diversity of strategies to ensure successful hatching of their offspring. For example, at least three different behaviours exist in which CRFs brood eggs in, or on, their bodies: mouthbrooding by the male in the Apogonidae, Opistognathidae, and Plesiopidae [unconfirmed in the Grammatidae and Pseudochromidae (Mooi, 1990) ; but see Asoh & Yoshikawa, 1996] , pouch-brooding by the male in the Syngnathidae (Berglund, Rosenqvist & Svensson, 1986) , and 'armpit brooding' with egg-masses tucked behind the pectoral fins in the Dactyloscopidae (Boehlke, 1968) . Likewise, live-bearing through ovoviviparity, an exceptionally rare trait in coral reef fishes, is reported for at least two groups: the ophidiiform family Bythitidae (Wourms & Cohen, 1975) , and the blennioid tribe Starksiini within the Labrisomidae (Fishelson, Baldwin & Hastings, 2013) . Finally, all other families of CRFs are known to deposit their benthic, adhesive eggs in nest sites such as caves, burrows, tubes, on manipulated open substrata, or in species-specific choices of abandoned invertebrate tests. All benthic-spawning taxa guard and tend to their eggs through behaviours such as fanning, cleaning, mouthing or antibiotic protection via specialised structures on anal glands (Karino & Arai, 2006) . Parental care is commonly only provided by the male, both in polygamous and monogamous species (e.g. Reavis, 1997b; Hastings & Petersen, 2010) , which facilitates egg production in females during the maturation of a subsequent clutch, and thus enhances spawning frequency. In many species, the accessibility and abundance of nesting sites determines the reproductive roles and strategies of both genders (Hastings & Petersen, 2010) . Specifically, where nest sites are few, but large enough to support multiple clutches, dominant males can have increased reproductive success by protecting clutches from multiple females, which can lead to role reversal (i.e. females courting males) or alternative reproductive strategies, such as cuckoldry by 'sneaker males' or cooperative nest maintenance (e.g. Taborsky, 2001; Mackiewicz et al., 2005) . In other species, females may engage in active mate-and nest-(or territory) guarding after spawning, presumably to increase survival of the clutch and prevent guarding of multiple clutches by the male (Takegaki & Nakazono, 1999) .
Regardless of the type of care administered, parental care can entail a range of different costs, including increased predation risk, decreased growth, lower fecundity, or decreased spawning frequency (Smith & Wootton, 1999) . Despite these costs, the comparatively large eggs (Kasimatis & Riginos, 2016) and the ubiquity of paternal investment in CRF families suggests that, at the negative end of the exponential relationship between body mass and clutch size, high parental investment in offspring is essential. It appears that complex social systems, hermaphroditism, and high postzygotic investment permit CRFs to overcome the intrinsic limits on their fecundity.
(2) Socio-ecological role of CRFs
Beyond their immense contributions to coral reef biodiversity as a whole, CRFs may support critical functional roles on coral reefs, and provide important ecosystem services (Fig. 9 ). Yet, due to their small size, their involvement in ecological processes and social services may often go unnoticed.
(a) Trophic cycling
Within reef ecosystems, perhaps the most prominent functional role of CRFs lies in the cycling of trophic energy and nutrients through the use of microscopic prey. By feeding on a wide variety of small prey items in virtually every available microhabitat (Fig. 6) , CRFs use resources that are unavailable to the majority of larger consumers on reefs (Kotrschal & Thomson, 1986; Hernaman et al., 2009; Hundt et al., 2014) . The efficiency with which these resources are transformed into consumable biomass is greatly enhanced by energy allocation within CRFs (Depczynski et al., 2007) . While nearly all large reef fish families curb investment into somatic tissue after reaching a certain size, many cryptobenthic fish species grow linearly throughout their lives . Thus, CRFs transform valuable energy and nutrients into a pool of biomass that is readily accessible to, and rapidly consumed by, many larger consumers (Forrester & Steele, 2004; Winterbottom et al., 2011; Goatley et al., 2017) .
In this context, the consumption of primary production and detritus, alongside microscopic invertebrates, is particularly noteworthy (Depczynski & Bellwood, 2003; Hundt et al., 2014) . Primary production in marine systems is generally nutrient poor (Clements et al., 2017) , emphasising the potential importance of transforming small filamentous algae into nutrient-rich, readily available fish tissue. Preliminary evidence suggests that many blennies can use a variety of primary resources at remarkable rates (Hundt et al., 2017) , leading to dense populations where primary productivity is high (such as inshore reefs or lagoons; Brandl et al., 2017) . Detrital resources, in turn, represent a rich and abundant food source on coral reefs, but only relatively few lineages of large coral reef fishes (e.g. Acanthuridae, scarine Labridae) are reported to use detritus to support their daily nutritional needs (Wilson et al., 2003; Brandl & Bellwood, 2016; Bellwood et al., 2017) . Recycling of detrital material has been identified as a major pathway in the maintenance of coral reef productivity, but its importance has been primarily attributed to sessile organisms with physical or chemical defences (De Goeij et al., 2013) . CRFs lack these defences and almost certainly contribute to this pathway, through both direct consumption of detrital material and the heavy use of microscopic invertebrates, which may also feed to a large extent on detrital and microbial resources in the epilithic algal matrix (Clements et al., 2017) . Thus, CRFs appear to funnel energy and nutrients from numerous lower trophic levels and otherwise inaccessible microhabitats to a complex array of higher vertebrate and invertebrate pathways. This is likely to be a critical link in supporting the biomass of coral reefs.
(b) Larval supply
Beyond their contributions to trophic dynamics on coral reefs, CRFs may further support biomass production through reproduction and resulting larval supply. CRF larvae are extremely common in the nearshore ichthyoplankton (Leis, 1994; Sponaugle et al., 2003; Isari et al., 2017; Kimmerling et al., 2017) , and their prevalence appears to be relatively independent of seasonal recruitment peaks (Lefèvre et al., 2016) . The high abundance of CRF larvae is likely linked to their high abundance on reefs (Depczynski & Bellwood, Fig. 9 . The social-ecological role of cryptobenthic reef fishes (CRFs). On coral reefs, CRFs may function as an important trophic link (A), cycling trophic energy from microscopic prey items to larger consumers. This is further supported by their large contribution to nearshore ichthyoplankton communities (B). In addition, many CRFs are part of intricate mutualistic relationships (C), which supports coral reef biodiversity. Beyond coral reef ecosystems, CRFs are a large contributor to the marine aquarium trade and recreational diving industry (D), can serve as important indicator species (E), and represent an informative group for the exploration of sociality in lower vertebrates (F), phylogeographic patterns (G), and the functional limits of vertebrate anatomy (H).
2005; Coker et al., 2017; Brandl et al., 2017; Galland et al., 2017; Fig. 4) and their high post-zygotic investment (see Section IV.1c). Being competent swimmers when entering the pelagic plankton (as opposed to drifting eggs), CRF larvae are likely able to optimise their retention in nearshore ichthyoplankton, although their swimming capacity may be less than other demersal brooding taxa such as pomacentrids (Leis & Carson-Ewart, 1997) . This suggests that CRFs may provide a substantially higher input of pelagically fuelled biomass to coral reefs, as fewer offspring are lost to the pelagic environment. In this context, the sudden appearance of fossilised gobiid remains from the early Miocene (Reichenbacher et al., 2017) , may further support the important role of CRFs on coral reefs, as the early Miocene marks the rise of the high-turnover, highly diverse, coral-dominated reefs we know today , Therefore, CRFs may support biomass of higher trophic levels on coral reefs through high rates of somatic and reproductive energy turnover.
(c) Ecological facilitation
CRFs are also involved in a variety of symbiotic or commensal relationships that may increase both biodiversity (Bshary, 2003) and biomass production on reefs (Stachowicz, 2001) . For example, many Caribbean or eastern Pacific goby species, (genera Elacatinus and Tigrigobius, respectively) are involved in cleaning symbioses with larger fishes, removing ectoparasites from clients ranging from small damselfishes to sharks (Sazima & Moura, 2000) . Reductions in ectoparasite loads for client fishes suggest that the service provided by these gobies is important on Caribbean reefs (Cheney & Côté, 2003; Sikkel, Cheney & Côté, 2004) . Furthermore, many gobies maintain symbiotic relationships with alpheid shrimps. In these relationships, the goby usually acts as a watchman for the shrimp, while the shrimp maintains a burrow for refuge (Karplus, Szlep & Tsurnamal, 1981) . The high prevalence of this association in various lineages of gobies and shrimps (Thacker, Thompson & Roje, 2011) and the high mortality of both partners when separated (Thompson, 2005) suggests that this system is highly beneficial to the fitness of both animals. This symbiosis may have spurred a significant diversification in both gobies and alpheid shrimps , and permitted the occupation of featureless habitats (sand and rubble plains) that may be too risky to inhabit for either species alone.
(d) Diving and aquarium industry
While CRFs arguably benefit societies indirectly through their ecological roles on coral reefs, there are several other tangible examples where CRFs provide a more direct service (Fig. 9) . Because of their biodiversity, aesthetic appeal, and their tendency to remain in a relatively small area (which confers ease of husbandry in aquaria and reliable detection during diving), CRFs create revenue from both the marine aquarium trade (MAT) and dive tourism. Shipment declarations and surveys of hobby aquarists reveal that 10 out of 17 of the core CRF families are among the most imported and popular fishes among hobby aquarists (Rhyne et al., 2012; Murray & Watson, 2014) . In fact, by imports, the combined contribution of CRFs to the MAT is second only to the Pomacentridae (Rhyne et al., 2012) . Given that the MAT can generate up to US$330 million per annum (Wabnitz, 2003) , CRFs may be a major source of revenue for both fishermen and aquarium retailers (Wabnitz, 2003) .
Aside from the MAT, eco-tourism surrounding marine life is a major economic force in many tropical areas, with SCUBA-tourism generating over US$4.5 billion per year in Southeast Asia alone (Pascoe et al., 2014) . A recent study demonstrates that specialised forms of diving that target cryptic, 'odd-looking' fishes are increasing in popularity (De Brauwer et al., 2017) . Families such as the Syngnathidae or Aploactinidae, for example, are frequent targets of soft-sediment ('muck-diving') SCUBA-excursions, which are estimated to generate up to US$150 million in Southeast Asia. Increasing underwater technology that will facilitate detection (e.g. via fluorescence) and photographic capture of CRFs is likely to further increase their contribution to the diving industry (De Brauwer et al., 2018) .
(e) Indicator species
CRFs may also serve as important indicators that mirror even slight changes in prevailing environmental conditions (Goatley et al., 2016b) , due to their low environmental tolerance and rapid generation times (Miller, 1996) . For example, many of the coral-associated species are likely to suffer from the disappearance of live coral (Munday, 2004) , while those feeding on benthic material might be influenced by changes in the particulate composition of the epilithic algal matrix (EAM) (Wilson, 2002) . Similarly, there is evidence that changes in the structural complexity of reefs can affect CRFs (Böhm & Hoeksema, 2017) , potentially leading to local extinctions of some species while benefitting others (Clarke, 1996) . Indeed, in the wake of coral bleaching on Australia's GBR, the monitoring of cryptobenthic fish assemblages around Orpheus Island revealed dramatic changes that were undetectable in large-reef-fish assemblages . CRFs did not subsequently return to the pre-disturbance composition of their assemblage, indicating a profound shift in ecosystem configuration that was largely unapparent in large fishes and even in the benthic community (Bellwood et al., 2012) . Recent research has demonstrated that reef systems around Orpheus Island have, indeed, shifted to an alternative state of sediment-dominated reefs, a nuance only detectable in cryptobenthic fish communities and various process-based measures of ecosystem functioning (Goatley et al., 2016a) .
(f ) Scientific value
Finally, CRFs can contribute invaluable insights into several fields of scientific research. Specifically, through their unique combination of life-history traits, CRFs hold invaluable information for the scientific community in terms of detecting evolutionary and biogeographical patterns (Bowen et al., 2016) , exploring the implications of size on vertebrate anatomy (Miller, 1996) , or understanding the evolution and maintenance of sociality in animals (Wong & Buston, 2013) . For example, the apparent rapid microevolution of cryptobenthic fish populations (Farnsworth et al., 2010; Tornabene et al., 2013) has already permitted us to gain insights into the mechanisms that govern the origin and dispersal of coral reef fishes (Muss et al., 2001; Rüber et al., 2003; Taylor & Hellberg, 2003; Tornabene et al., 2015) . This is true not only for distinct provinces, but also bathymetric gradients, which feature clear phylogenetic structuring . Similarly, as the smallest marine vertebrates, CRFs represent an intriguing extreme to the size-imposed limits of vertebrate anatomy (Hanken & Wake, 1993) , and the adaptations that permit functional competency.
Finally, due to their often-complex social structures, high microhabitat specificity, and the ease with which these fishes can be held in captivity or monitored repeatedly in the field, cryptobenthic fishes have become a model system for studying the evolution of sociality or testing ecological hypotheses (Wong & Buston, 2013) . Coral-associated gobies in the genera Gobiodon, Paragobiodon, and Elacatinus have, for example, yielded data on the reasons underpinning sociality in animals (Whiteman & Côté, 2003; Wong, 2011) , while polygamous blennies such as Parablennius sanguinolentus, Salaria pavo and Ophioblennius atlanticus have greatly informed our understanding of mate choice, reproductive strategies, and cooperative breeding in fishes (Côté & Hunte, 1989; Taborsky, 2001; Mackiewicz et al., 2005) . Thus, despite their cryptic lifestyle and small size, CRFs are of high value for scientific understanding of the marine environment, vertebrate anatomy, and the evolution of sociality in animals.
V. THE STATUS AND FUTURE OF CRFS (1) Response to anthropogenic disturbances
Burgeoning human pressure has left its mark on virtually all ecosystems, with populations of many marine species and global biodiversity declining sharply (McCauley et al., 2015) . Coral reefs, in particular, are facing a unique set of challenges that have already begun to result in large-scale degradation (Hughes et al., 2017) . Recently, studies have argued that these threats are compounded for animals at the extremes of the vertebrate size spectrum, with both the smallest and largest species facing the highest likelihood of extinction (Olden, Hogan & Zanden, 2007; Kalinkat, Jähnig & Jeschke, 2017) . While, in general, global extinctions are rare in the marine environment due to the pelagic larval phase and wide distributions of most species (Dulvy, Sadovy & Reynolds, 2003; Hughes et al., 2014) , the small dispersal ranges of many CRFs (as suggested by their small body size; Luiz et al., 2013) decrease the likelihood that external sources can replenish populations that are declining due to local stressors (Munday, 2004; Hobbs, Jones & Munday, 2011) . In addition, the putative low vulnerability of small marine fishes (Kalinkat et al., 2017; Ripple et al., 2017) may be a result of information deficiency in the marine realm, where observations on the smallest vertebrates are extremely difficult and quantitative data are rare (cf. Fig. 4 ). To date, there are, to our knowledge, only 21 studies that have tested the effects of any of five major anthropogenic disturbances on CRFs, 20 of which report negative effects on cryptobenthic fish individuals, populations, or communities (Fig. 10) . Here, we review our knowledge about the effects of habitat change, harvesting, biological invasion, climate change, and pollution on CRFs.
(a) Habitat change Effects of habitat loss are perhaps the most important threat to CRF communities. Among large reef fishes, small-bodied habitat specialists are usually the first to succumb to changes in the benthic community (Wilson et al., 2008; Brooker et al., 2014; . Due to their high microhabitat specificity and small body size, CRFs are likely to be particularly vulnerable to small changes in the availability of different microhabitats, even though some species can show plasticity in their microhabitat use following benthic regime shifts (Taylor & Van Tassell, 2002) . Consequently, changes in habitat condition have been demonstrated to affect populations of CRFs severely (Clarke, 1996; Munday, 2004; Harasti, 2016) , ultimately resulting in stark alterations of their community composition (Bellwood et al., , 2012 Ahmadia et al., 2012a) . While it is intuitive that changes in benthic composition will drastically alter CRF communities, the failure of CRF communities to return to pre-bleaching states after apparent recovery of the benthic community (Bellwood et al., 2012) is concerning. The comparably small dispersal ranges of most CRF species (as extrapolated from the general decline of dispersal range with body size; Luiz et al., 2013) suggests that, for at least some of the species that did not return, replenishment from local sources ceased after resident populations vanished following the habitat change. This is a dire prospect, especially in light of the recently reported large-scale devastation of coral reefs through climate-induced bleaching, which has dramatically altered the benthic composition of reefs in entire regions such as the northern sector of the GBR (Hughes et al., 2017) . These broad changes may cause irreversible local extinctions of cryptobenthic fish species with specific microhabitat requirements.
(b) Harvesting
While CRFs are generally of limited attractiveness to commercial fisheries, seahorses (Syngnathidae) are heavily fished in many developing countries. Despite being listed as IUCN endangered species and with limited data on population sizes, seahorses are caught in vast numbers [predominantly as bycatch in trawl fisheries (Baum, Meeuwig & Vincent, 2003) ], and then sold on a large, global market (Martin- Smith & Vincent, 2006; Yasué et al., 2015) . Significant population declines have been recorded for several species. Seahorses, alongside other syngnathids, are also caught for the marine aquarium trade (MAT) (Gasparini et al., 2005) and can, in addition to harvesting, be negatively affected by habitat changes (Martin-Smith & Vincent, 2005; Harasti, 2016) , potentially placing seahorse species in double jeopardy. Beyond the Syngnathidae, many other species that are caught for the MAT (e.g. Pterapgon kauderni) are also undergoing significant population declines where fishing pressure is not regulated adequately (Lunn & Moreau, 2004; Okemwa et al., 2016) . 2016), and can significantly decrease their population sizes and recruitment (Albins & Hixon, 2008) . In this context, one prime example for the potential to overlook negative effects of anthropogenically induced disturbances is the predation of P. volitans on a previously undescribed species of goby, Palatogobius incendius (Tornabene & Baldwin, 2017) . Although populations of P. incendius did not seem affected by lionfish predation at the investigated location, this finding highlights our inadequate knowledge of cryptobenthic fishes when assessing their susceptibility to disturbance. Conversely, even though several cryptobenthic fish families are known to have high potential for biological invasions (Wonham et al., 2000) , and several consequential invasions are recorded for freshwater systems [e.g. Neogobius melanostomus (Brandner et al., 2013) ], only one report of a successful invasion by a CRF species, the blenny Omobranchus punctatus, exists to date (Lasso-Alcalá et al., 2011) . This is true for both natural and artificial marine habitats, which are frequently considered to be a refuge for non-indigenous species .
(d) Climate change
Tropical oceans are expected to warm by as much as 3 • C by the end of the century, which poses major challenges to all organisms living on coral reefs, especially at low latitudes (Rummer et al., 2014) . CRFs might be particularly sensitive. For example, the gill respiration of CRFs is limited by the width of blood vessels and gill surface areas, resulting in a mismatch between maximum rate of oxygen uptake and metabolic rates (Miller, 1996) . This can limit the aerobic scope of many cryptobenthic fish species, which has been demonstrated in the comparatively higher temperature sensitivity of cardinalfishes over damselfishes (Nilsson et al., 2009; Gardiner, Munday & Nilsson, 2010) . A similar pattern can be found in the resilience of cardinalfishes or gobies to elevated CO 2 , which appears to cause both behavioural and physiological changes with potentially fatal consequences (especially combined with warming; Devine, Munday & Jones, 2012) . While it is possible that rising temperatures will increase the geographic range of potentially suitable habitats for CRFs (Gardiner et al., 2010) , their limited dispersal capacity may limit their ability to move to higher latitudes. Thus, given the inherent limitations of small body size and the potential importance of metabolic rate for CRFs, elevated temperatures might affect them more than large fishes. However, due to short generation times, CRFs may also be able to adapt more rapidly to rising temperatures (Munday, Donelson & Domingos, 2017) .
(e) Pollution
While the effect of pollution on coral reef fishes is poorly studied, data from freshwater systems show that smaller fishes are more susceptible to pollutants, probably linked to their higher relative metabolic rate (Miller, 1996) . One study on cardinalfishes in the Red Sea shows a strong effect of anthropogenic pollutants on various organs, resulting in stunted growth, reduced energy availability, and decreased fecundity in several species (Fishelson, 2006) . All three of these effects undermine processes that are already challenging for small-bodied fishes, indicating that effects of pollutants may disproportionately hamper the survival of CRFs and reduce population sizes. This is further corroborated by studies on small, planktivorous species of damselfishes, which show that increased levels of suspended sediment, a common consequence of anthropogenically increased terrestrial run-off and coastal development, can severely compromise foraging activity and growth (Wenger, Johansen & Jones, 2012; Johansen & Jones, 2013) . A similar effect of benthic sediments on CRFs that feed on various components of the EAM, analogous to the impact of sediments on large fishes (Goatley et al., 2016a) , appears possible.
(2) The future of CRFs
Beyond the direct effects of anthropogenic impacts, CRFs may suffer adverse impacts through indirect pathways. For example, the continuous defaunation of the world's coral reefs (McCauley et al., 2015) may affect CRFs via trophic cascades and resulting mesopredator release. However, evidence for linear cascading effects on reefs is rare . Likewise, increasing sea surface temperatures are likely to increase the frequency of catastrophic coral bleaching events, dramatically changing the community composition and structural complexity of reefs (Hughes et al., 2017) . Thus, although direct effects of two of the most significant human stressors in marine systems on CRFs (overharvesting and climate change) may be weak or poorly understood, indirect effects of these disturbances may profoundly affect CRF communities. Indeed, Bellwood et al. (2006) showed rapid changes in CRF communities in response to the loss of live corals. It is, therefore, likely that cryptobenthic fish communities will change in the future, possibly at faster rates than those observed for large fishes due to their short generation times and limited dispersal. At the same time, because of the limited quantitative data on CRFs and their distributions, we are probably less likely to detect local or even global extinctions of CRF species. Combined with our relatively poor understanding of the functional roles of CRFs, it is nearly impossible for us to predict the consequences of these changes. Will the loss or change of cryptobenthic fish species affect the functionality of coral reef ecosystems? We currently cannot answer this question.
VI. CONCLUSIONS
(1) United almost exclusively by their small body size (<50 mm), CRFs comprise 17 families that have evolved to become the numerically dominant group of vertebrates on tropical coral reefs. Despite the diversity, ubiquity and abundance of CRFs on coral reefs, the spatial distribution and resolution of quantitative data on cryptobenthic fish communities is currently limited.
(2) CRFs have exploited a range of niches inaccessible to larger fishes. The capacity to use a diverse range of microhabitats efficiently may have permitted the diversification of CRF lineages. Given historic and current description rates, we predict that CRF species richness far exceeds the diversity of large reef fishes.
(3) Dietary opportunism, stealthiness, and high postzygotic investment alongside sophisticated social and reproductive strategies are likely key adaptations that allow CRFs to cope with size-based challenges related to nutrition (high mass-specific metabolisms), survival (high susceptibility to predation), and reproduction (low batch fecundity). As a consequence, CRFs fill a unique functional role on coral reefs, primarily by cycling trophic energy from microscopic or detrital prey items to larger consumers.
(4) Although few studies have investigated the effect of anthropogenic stressors on CRFs, they appear to be susceptible to human disturbance. This is concerning given the lack of studies that investigate ecosystem-scale effects of changes in CRF populations and communities.
